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Production and hosting byAbstract The Jinding Zn-Pb deposit has been generally considered to have formed from circulating
basinal fluids in a relatively passive way, with fluid flow being controlled by structures and sedimentary
facies, similar to many other sediments-hosted base metal deposits. However, several recent studies have
revealed the presence of sand injection structures, intrusive breccias, and hydraulic fractures in the open
pit of the Jinding deposit and suggested that the deposit was formed from explosive release of overpres-
sured fluids. This study reports new observations of fluid overpressure-related structures from under-
ground workings (Paomaping and Fengzishan), which show clearer crosscutting relationships than
in the open pit. The observed structures include: 1) sand (rock fragment) dikes injecting into fractures
in solidified rocks; 2) sand (rock fragment) bodies intruding into unconsolidated or semi-consolidated
sediments; 3) disintegrated semi-consolidated sand bodies; and 4) veins and breccias formed from
hydraulic fracturing of solidified rocks followed by cementation of hydrothermal minerals. The develop-
ment of ore minerals (sphalerite) in the cement of the various clastic injection and hydraulic fractures
indicate that these structures were formed at the same time as mineralization. The development of
hydraulic fractures and breccias with random orientation indicates small differential stress during5 4583; fax: þ1 306 585 5433.
a.ca (G. Chi).
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G. Chi et al. / Geoscience Frontiers 3(1) (2012) 73e8474mineralization, which is different from the stress field with strong horizontal shortening prior to miner-
alization. Fluid flow velocity may have been up to more than 11 m/s based on calculations from the size
of the fragments in the clastic dikes. The clastic injection and hydraulic fracturing structures are inter-
preted to have formed from explosive release of overpressured fluids, which may have been related to
either magmatic intrusions at depth or seismic activities that episodically tapped an overpressured fluid
reservoir. Because the clastic injection and hydraulic structures are genetically linked with the mineral-
izing fluid source, they can be used as a guide for mineral exploration.
ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.Figure 1 Geological map of part of the Lanping Basin showing the
location of the Jinding Zn-Pb deposit in western Yunnan, China
(Modified from Kyle and Li, 2002).1. Introduction
The world-class Jinding Zn-Pb deposit, hosted in the siliciclastic
LanpingeSimaoBasin inwestern Yunnan, China, has been generally
considered to have formed from basinal fluids in a relatively quiet
hydrodynamic environment, where fluid flow was passively
controlled by hydrogeologic properties of the sedimentary rocks and
structures and the style ofmineralization is comparable to those of the
Mississippi Valley-type or sandstone-type deposits (e.g., Sun andXu,
1989; Qin and Zhu, 1991; Li, 1998; Kyle and Li, 2002; Xu and Li,
2003). However, several recent studies suggest that the Jinding
mineralization systemmay have been episodically overpressured and
the overall mineralization processes may have been highly proactive
and vigorous. Wang (1998) speculated that the sandstones and
breccias that host the Jinding deposit may have resulted from the
eruption of sands and rock fragments associated with exhalation of
mineralizing fluids in a lacustrine environment, but he provided no
concrete field or petrographic evidence to support this hypothesis.
Gao et al. (2005) recognized the intrusive nature of some breccias in
the Jinding open pit, andWang et al. (2007) proposed thatmost of the
breccias in the Jinding deposit and surrounding areas, which were
interpreted by some as slump-debris flow deposits (Qin and Zhu,
1991), were either of tectonic þ dissolution (Gao, 1989) or intru-
sive origin. Chi et al. (2005) proposed that the mineralizing fluid
system in Jinding was overpressured based on high fluid pressures
estimated from CO2-rich fluid inclusions and observation of
hydraulic fractures, and Chi et al. (2006) postulated that the fluid
overpressure may have been related to tectonic loading (thrust
faulting) and injection of deeply derived CO2-rich gas, based on the
numerical modeling of basinal fluid pressure evolution. The recog-
nition of various sand injection and liquefaction structures closely
associated with mineralization (Chi et al., 2007) further supports that
the mineralizing fluids were highly overpressured.
In this contribution, we report new clastic injection and lique-
faction structures and hydraulic fractures observed in the Jinding
deposit, especially those from underground mining exposures,
which showmuch clearer crosscutting relationships than in the open
pit where geologic boundaries are commonly obscured due to strong
weathering. Based on these new observations and compilation of
previous studies, an evaluation of the hydrodynamic conditions of
mineralization was carried out in terms of fluid overpressure
development and fluid flow velocity. The overall mineralization
environment, its potential connection with deep geologic processes,
and their significance for mineral exploration are discussed.
2. Regional and local geology
The Jinding Zn-Pb deposit is located in the northern part of the
LanpingeSimao Basin, which is a narrow (about 50e150 km
wide, >400 km long), NNW-trending intracontinental basin inwestern Yunnan, southwest China (Fig. 1). The basin is bounded
by the Lancangjiang Fault in the west and the Jinshajiang Fault in
the east (Fig. 1), and is cut by the LanpingeSimao Fault along the
central axis of the basin (Yin et al., 1990).
The LanpingeSimao Basin is filled with the Upper Triassic to
Neogene sediments up to more than 10 km thick, composed
mainly of continental siliciclastic rocks with evaporitic intervals
(Third Geological Team, 1990). As shown in Figs. 2 and 3, the
strata in the Jinding deposit and surrounding areas include the
upper Triassic Sanhedong (T3s), Waluba (T3w) and Maichuqing
(T3m) formations, the Middle Jurassic Huakaizuo Formation (J2h),
the Lower Cretaceous Jingxing (K1j ) and Nanxin (K1n) forma-
tions, the Middle Cretaceous Hutoushi Formation (K2h), the
Paleocene Yunlong Formation (E1y) and the Eocene Guolang
Formation (E2g). The T3s is made of marine limestone and
dolomitic limestone which are locally rich in bitumen, while the
T3w consists of mudstone and siltstone, and the T3m is composed
of dark gray shale, siltstone and fine-grained sandstone, locally
with coal seams. The T3s is unconformably overlain by the J2h,
which consists of purple colored siltstone and mudstone. Uncon-
formably overling the J2h is the K1j that is composed of gray
sandstone with local conglomerate, followed by the K1n consist-
ing of purple sandstone, conglomerate, siltstone and silty
mudstone and then the K2h composed of gray to purple quartz
arenite and arkosic arenite. The E1y unconformably overlies the
K2h and is divided into the lower and upper members of which the
lower member (E1y
a) consists of purple siltstone, silty fine sand-
stone, and fine sandstone, while the upper member (E1y
b) is
composed of gray and reddish fine sandstone and gravelly sand-
stone in the west and breccia near the Pijiang Fault in the east
(Fig. 3b). Above the E1y is the E2g that is composed of purple
muddy sandstone, siltstone and gypsum.
The sedimentary rocks in the LanpingeSimao Basin, variably
folded and faulted during the Himalayan Orogeny, are intruded by
Figure 2 Geological map of the Jinding Zn-Pb deposit showing the strata, structures and major orebodies around the Jinding dome, near the
regional Pijiang Fault (Modified from Third Geological Team, 1984).
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2003). The low 87Sr/86Sr initial ratios (0.7046e0.7084) of the
intrusions and the presence of mantle-derived enclaves indicate that
these Cenozoic magmatic rocks are of mantle origin (Lu and Qian,
1999). No igneous rocks have been found on the surface or under-
ground in the Jinding deposit and surrounding areas, although gravity
and remote sensing data suggest that there may be a magmatic
intrusive body under the Jinding ore district (Zhang et al., 2000).
The strata in the Jinding deposit area are divided into a lower,
autochthonous, normal sequence and an upper, allochthonous,
overturned sequence (a nappe), separated by a thrust fault (F2).
Both the autochthonous and allochthonous sequences, together
with the thrust fault, are part of a structural dome (the Jinding
dome) (Figs. 2 and 3a). The autochthonous sequence consists of,
in ascending order, the Nanxin (K1n), Hutoushi (K2h) and Yun-
long (E1y) formations, and the overturned allochthonous sequence
consists of, in ascending order, the Jingxing (K1j ), Huakaizuo
(J2h), Maichuqing (T3m), Waluba (T3w), and Sanhedong (T3s)
formations (Fig. 3a and b). The mineralization occurs in the
Jingxing Formation (K1j ) above the thrust fault (F2) and the
Yunlong Formation (E1y) underneath (Fig. 3a).
More than 100 orebodies are distributed around the Jinding
dome, in the hanging wall of the NNE-trending, high-angle, Pijiang
Fault (Fig. 2), which is part of the regional LanpingeSimao Fault.
Individual orebodies are up to 54 m thick, 1450 m along strike, and
more than 1000 m down dip (Third Geological Team, 1984; Li,
1998). The deposit is divided into seven segments: the Beichang
segment in the northern side of the Jinding dome, Fengzishan and
Xipo in the west, Baicaoping and Nanchang in the south, Jiayashan
in the east, and Paomaping to the northeast (Fig. 2). There are two
types of mineralization: sandstone-disseminated type and breccia
type. The first type is the dominant one in the deposit, and is char-
acterized by fine-grained sulfides (sphalerite, galena, pyrite and
marcasite) disseminated in sandstones. The second type is mainly
distributed in the eastern part of the deposit, with mineralization
occurring in fractures and cavities in the carbonate breccias and
dissemination in the matrix and fragments. The Zn/Pb ratiosdecrease from 7.8 in the east, through 4.9 in the central north, to 0.3
in the west (Xue et al., 2007), and the ore grades also decrease
westward (Li, 1998; Kyle and Li, 2002).
3. Clastic injection and disintegration and
hydraulic fracturing structures
Previously reported intrusive breccias (Gao et al., 2005; Wang et al.,
2007), hydraulic fractures (Chi et al., 2005), and sand injection and
liquefaction structures (Chi et al., 2007) are mainly distributed in the
eastern part of the Jinding area, especially in the Jiayashan segment in
the open pit. New observations reported in this paper came from
underground workings in the Paomaping segment in the northeast
and the Fengzishan segment in thewest of the Jinding deposit (Fig. 2),
in addition to other observationsmade in the Jiayashan and Beichang
segments in the open pit. These structures include: 1) sand (rock
fragment) dikes injecting into fractures in solidified rocks; 2) sand
(rock fragment) bodies intruding into unconsolidated or semi-
consolidated sediments; 3) disintegrated semi-consolidated sand
bodies; and 4) veins and breccias formed from hydraulic fracturing of
solidified rocks followed by cementation of hydrothermal minerals.
The characteristics of these structures are described below.
3.1. Sand (rock fragment) injection into fractures in
solidified rocks
Limestone breccias with injected sand matrix and dikes filled by
clastic sands (with or without rock fragments) are well developed in
the Jiayashan and Paomaping segments, in the eastern part of the
Jinding deposit (Fig. 2). They are hosted in limestone breccias in the
eastern part of theYunlong Formation (E1y
b) (Fig. 3b). The sandstone
in thematrix of the breccia are connectedwith sand veins (Fig. 4a and
b, pointed by arrows) or dike (Fig. 4c), indicating that the sandstone
matrix is not of sedimentary origin but was formed from injection.
Sandstone dikes vary inwidth from a fewmillimeters to 25 cm. In the
open pit at Jiayashan, sandstone “veins” a fewmillimeters wide occur
Figure 3 a: An SSWeNNE cross section of the Jinding deposit showing the overturned, allochthonous strata thrusting over normal,
autochthonous strata. Mineralization occurs in the Yunlong Formation (E1y) below the thrust fault (F2) and the Jingxing Formation (K1j ) above F2
(modified from Third Geological Team, 1984); b: AWeE cross section of the eastern part of the Jinding deposit showing the Yunlong Formation
(E1y), lying below the Jingxing Formation (K1j ), consisting of breccia in the east and siltstone, sandstone and conglomerate in the west (after Shi
et al., 1983).
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(Fig. 4b), and one sandstone dyke about 5 cm wide cuts through
a breccia consisting of limestone fragments and sandstone matrix
(Fig. 4c). The sandstone dike contains limestone fragments up to
3 mm in size in addition to sands (Fig. 4c). In the underground
workings of the Paomaping segment, sandstone dikes occur as
vertical (Fig. 4d), subvertical (Fig. 4e) andmoderately dipping bodies
(Fig. 4f) cutting through brecciated limestone blocks. Limestone
fragments up to 1.5 cmwere found in some of the dikes (Fig. 4d). The
dikes have very clear boundaries with the host rocks, and the widths
of the dikes vary considerably (Fig. 4e).
The sandstone dikes are composed mainly of quartz grains
“floating” in calcite cement and matrix (Fig. 5). In some sandstone
dikes or veins, quartz grains are cemented by sphalerite (Fig. 5a
and b), whereas in others both sphalerite and calcite occur in the
cements (Fig. 5c and d). The cement or matrix is mainly Fe-free
calcite, with minor Fe-rich calcite cement (Fig. 5). Most of the
quartz grains are less than 0.3 mm, subangular to subrounded, and
some of them show very irregular grain boundaries (Fig. 5aed).
3.2. Sand (rock fragment) intrusion into unconsolidated
or semi-consolidated sediments
Sand bodies of gray to greenish gray color intrude red-colored
sandstones of the Yunlong Formation (E1y) (Fig. 6). This
phenomenon is common in Jiayashan and Beichang in the open pit(Gao et al., 2005; Chi et al., 2007), and is also widespread in
Fengzishan in the western part of the Jinding deposit (Fig. 6aed).
Unlike the sand dikes intruding into solidified rocks, the sand
bodies intruding into unconsolidated or semi-consolidated sand-
stones have very irregular boundaries (Fig. 6). The distance of
transport of the light-colored sand bodies is unknown, but its
intrusive nature is testified by the presence of limestone
fragments, which are absent in the adjacent red-colored sandstone
(Fig. 6a, cee). These intrusive sand-breccia bodies can be distin-
guished from the sedimentary pebbly sandstone containing lime-
stone fragments (Fig. 6f) in that the limestone fragments are
surrounded or wrapped by light-colored sandstone in the intrusive
sand bodies, whereas in the sedimentary breccia the limestone
fragments are directly supported by red-colored matrix. The light
color of the intrusive bodies is interpreted to reflect relatively
reduced fluids compared to the oxidizing conditions where the red
sandstones were deposited.
3.3. Disintegration of semi-consolidated sandstones
A number of sand bodies with gray to greenish gray color are present
in red-colored sandstones of the Yunlong Formation (E1y) in Jiaya-
shan and Beichang in the open pit (Fig. 7aec). Unlike the intrusive
sand bodies, these sand bodies appear to have the same textures and
structures as the surrounding red sandstones, with notable absence of
limestone breccia. Millimeter- to centimeter-sized patches of red
Figure 4 Field photos of sand injection structures in solidified rocks (all from E1y, the Yunlong Formation). a: Sandstone injecting into
limestone breccia; note the difference between this injection structure and matrix-supported conglomerate is that some of the sand matrix injected
into the fragments (arrow), plan view, Jiayashan, open pit; b: Sand veins injecting into limestone fragments (arrow), plan view, Jiayashan, open pit;
c: A sandstone dike cutting limestone breccia with sandstone matrix; the sandstone in the dike (containing minor limestone fragments) are the
same as the matrix, suggesting both the dike and the matrix are injected, plan view, Jiayashan, open pit; d: A vertical sandstone dike cutting
brecciated limestone in the 2180 level, underground, Paomaping; note limestone fragments up to 1.4 cm within the dike; e: A subvertical
sandstone dike cutting brecciated limestone in the 2350 level, underground, Paomaping; f: A moderately dipping sandstone dike cutting brecciated
limestone in the 2180 level, underground, Paomaping.
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locally abundant in the light-colored sand bodies (Fig. 7d and e). The
red fragments have irregular shapes (but not angular), and are locally
surrounded by smaller red particles (pointed by arrows in Fig. 7e)
suggesting gradational disintegration of the fragments. These
light-colored sandstone bodies are interpreted as the result of
disintegration due to shattering of semi-consolidated red sandstones
and subsequent alteration by reduced fluids. The bulk sand bodies
may not have been transported over significant distance. The strata of
the Yunlong Formation in the Jinding deposit, commonly intruded by
sand bodies or disintegrated, generally have poorly developed
bedding structures, which is different from the well bedded equiva-
lent strata outside the deposit (Fig. 7f).3.4. Hydraulic fracturing and brecciation
Multi-directional veins are well developed in various parts of the
Jinding deposit, especially in limestones of the Sanhedong Formation
(T3s) and limestone fragments in the Yunlong Formation (E1y). The
veins vary inwidth from sub-millimeter to centimeters, and aremostly
composedof calcite,with variable amounts of sulfides includingpyrite
and sphalerite (Fig. 8). In many cases, the veins are interconnected
such that the host rocks occur as breccias (Fig. 8bef). The fragments
are generally angular and appear to have resulted from in situ frac-
turing. In most cases the fractures are equally developed in all direc-
tions, but in some cases (Fig. 8d), some fractures in one direction is
preferably developed. The multi-directional veins and breccias are
Figure 5 a and b: Photomicrographs of a mineralized sand vein showing quartz grains (Qz) “floating” in sphalerite (Sp) cement; note the
irregular boundaries of quartz grains, reflected light, from Jiayashan, open pit; c and d: Photomicrographs of a sandstone dike showing quartz
grains floating in Fe-poor calcite (stained red) and sphalerite cement, plane polarized light, from Jiayashan, open pit; e and f: Photomicrographs of
a sandstone dike from level 2350 of Paomaping, showing sand grains (mainly quartz) supported by calcite matrix and cements (calcite mainly Fe-
free, stained red, some Fe-rich, stained purple), cut by an Fe-rich veinlet (stained royal blue), plane polarized light.
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vein formation. In most cases, the hydraulic fractures or breccias are
cut by sandstone dikes (Fig. 4), whereas these sand dikes do
not show hydraulic fractures, suggesting that the sands in the
dike were unconsolidated during the active periods of hydraulic
fracturing.
4. Discussion
The various structures described above indicate that the hydro-
thermal system in the Jinding deposit was overpressured (Chiet al., 2005, 2007). The possible hydrodynamic conditions in
terms of fluid pressure and fluid flow velocity and their relation-
ship with the stress fields are discussed below, as well as the
implications for mineralization environment.
4.1. Fluid pressure and stress regimes deduced from
hydraulic fractures and breccias
The development of large numbers of thrust faults in the Lanping
Basin (Fig. 1) indicates horizontal shortening during the Hima-
layan Orogeny. In the Jinding deposit, this stress regime was
Figure 6 Field photos of sand bodies intruding into semi-consolidated sandstones (except f) (all from E1y). a: Light-colored, limestone
fragment-bearing sandstone intruding into red-colored sandstone, underground, Fengzishan; b: Light-colored sandstone intruding into red-colored
sandstone, underground, Fengzishan; c: Light-colored containing small limestone fragments intruding into red-colored sandstone, underground,
Fengzishan; d: Large number of angular limestone fragments in light-colored sandstone intruding into red-colored sandstone, underground,
Fengzishan; e: Limestone fragments wrapped by light-colored sandstone injected into red-colored sandstone; f: Red-colored, sedimentary pebbly
sandstone containing limestone fragments, Beichang, open pit.
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(E1y), because the allochthonous sequence was trusted over the
Yunlong Formation (Figs. 2 and 3). The fact that orebodies are
developed both in the Jingxing Formation (K1j ) above the F2 fault
and the Yunlong Formation (E1y) below the F2 suggests that
mineralization took place after the horizontal compressional
regime. The stress regime and fluid pressure during mineralization
may be deduced from the development of hydraulic fractures and
breccias which contain ore minerals including sphalerite.The formation of veins and hydrothermal mineral-cemented
breccias requires the creation and opening of fractures, which
depends on a combination of differential stress, fluid pressure, and
orientation of the fractures (Hubbert and Willis, 1957; Phillips,
1972). The conditions for the creation and opening of shear
fractures are different: shear fractures may be formed without
being opened. Without the participation of fluid, shear fractures
may be opened through various mechanisms such as uneven
rotation of the fractured rocks (Ramsay, 1967), movement on
Figure 7 a, b and c: Gray colored sandstone bodies (pointed by arrows) adjacent to red-colored sandstone of the Yunlong Formation (E1y),
Jiayashan, open pit; d: Remnants of red sandstone fragments (pointed by arrows), subangular to subrounded, in gray sandstone, Yunlong
Formation (E1y), Jiayashan, open pit; e: Remnants of red sandstone (pointed by arrows) fragments with irregular shapes in gray sandstone,
Yunlong Formation (E1y), Jiayashan, open pit; f: Undisturbed, red-colored sandstones of the Yunlong Formation (E1y) showing well developed
bedding planes (pointed by arrows). a to e are interpreted to indicate disintegration of semi-consolidated sandstones accompanied by introduction
of reduced fluids.
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deformation (Hodgson, 1989). In such cases, the fractures are
controlled by the regional stress field and generally show preferred
orientation; fluid did not play a role in the creation of the open
space but rather passively flew in open fractures and precipitated
minerals, so these fractures do not belong to the category of
hydraulic fractures.
However, in most cases, fluid plays an inevitable role in the
creation and dilation of fractures, hence formation of hydraulic
fractures. High fluid pressures have three effects on creation and
opening of fractures: 1) promoting the formation of tensional
fractures; 2) reducing the requirement of differential stress tocause shear fracturing; and 3) causing fractures (extensional and
shear) to open. These effects are related to the fact that it is the
effective principal stresses, which are equal to the principal
stresses minus fluid pressure (se Z s  Pfluid), rather than the
principal stresses themselves, that control the creation and
opening of fractures. Thus, fluid pressure can shift a Mohr circle
from the region of stability in a Mohr diagram toward lower
normal stress values so that the failure envelope is intersected and
fractures produced (Hubbert and Willis, 1957; Phillips, 1972).
If the differential stress (s1  s3) is large, the Mohr circle
intersects with the failure envelope in the first quadrant of the
Mohr diagram, shear fractures are created but not opened because
Figure 8 Hydraulic fractures and breccias developed in limestone blocks or fragments in the Yunlong Formation (E1y). a: Multi-directional
calcite veins in a limestone block, underground, Fengzishan, section view; b: Hydraulic breccia cemented by calcite (with minor pyrite and
sphalerite), from outcrop, Tuzishan; c: Limestone of the Sanhedong Formation (T3s) cut by multi-directional calcite veins, outcrop, Tuzishan, plan
view; d: Limestone breccia cemented by calcite and pyrite, Beichang, open pit; e: Limestone breccia cemented by calcite, Beichang, open pit,
section view; f: Limestone breccia cemented by calcite, with multi-directional calcite veinlets, Beichang, open pit, plan view.
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If the differential stress (s1  s3) is relatively small and fluid
pressure is small, the Mohr circle is located in the first quadrant of
the Mohr diagram and does not intersect with the failure envelope,
so no shear fractures are produced. If the differential stress
(s1  s3) is relatively small and fluid pressure is high, the Mohr
circle is located in the second quadrant of the Mohr diagram and
intersects with the failure envelope, and shear fractures are created
and opened, because the normal stress is negative. If the differ-
ential stress (s1  s3) is so small and the fluid pressure is so high
that the Mohr circle intersects the failure envelope at the abscissa,
an extensional fracture is produced and opened. In any case, the
opening of fractures requires that the differential stress (s1  s3)
is small and that the fluid pressure is high than s3.If there is a differential stress, the hydraulic fractures (both
extensional and shear) will be preferentially oriented in accor-
dance with the stress field. However, if the three principal stresses
are almost equal, hydraulic fractures will be all extensional and
oriented in all directions. In the Jinding deposit, most hydraulic
fractures and breccias are multi-directional, both in plan view and
section view (Fig. 8), suggesting that the differential stress was
very small during mineralization. Furthermore, the fluid pressure
must have been higher than the minimum principal stress (which
is close to the burial stress), indicating that the fluid system was
extremely overpressured.
The inference of a relaxing stress regime (compared to the
horizontal shortening before mineralization) and high fluid pres-
sure during mineralization is consistent with the observation of the
G. Chi et al. / Geoscience Frontiers 3(1) (2012) 73e8482sand disintegration structures accompanied by alteration with
reducing fluids. Such structures would have been difficult to
develop in a horizontal compressional stress regime. High fluid
pressure may have helped the disintegration of the sand bodies
through the effect of liquefaction. The high fluid pressure and low
differential stress regime is also supported by the development of
the clastic injection structures, as discussed below.
4.2. Fluid pressure and flow velocity estimated from clastic
injection into solidified rocks
The injection of sands and rock fragments into fractures in
solidified rocks indicate high fluid pressure and high fluid flow
velocity (Jolly and Lonergan, 2002). The fractures filled by clastic
dikes are interpreted as tensile hydraulic fractures (Delaney et al.,
1986), and their random orientation (Fig. 4) is related to very
small differential stress and high fluid pressure. The upward
transport of sand grains by fluids into fractures requires very steep
hydraulic gradients, which result in a fluid flow velocity so high
that upward dragging force exceeds the gravity (Richardson,
1971). The minimum fluid flow velocity (Vmin) to transport sand
grains upward is related to the diameter of the grain (d ), the
density of the fluid (rf), the density of the grain (rs), the dynamic
viscosity of the fluid (m), and the gravity (g) as follows:
VminZ
0:00059d2

rs rf

g
m
ð1Þ
For a rock fragment of 1.5 cm (the largest observed in the clastic
dikes), assuming a solid density of 2.7 g/cm3, a fluid density of 1.0 g/
cm3, and a dynamic viscosity of 0.0002 kg/(m$s) for water (for
a temperature of 150 C and a pressure of 800 bars, based on
Likhachev, 2003), the minimum fluid flow velocity is calculated as
11m/s, or 40 km/h. Formost sand grains in the dikes, with a grain size
of about 0.1mm, a fluid flow velocity as low as 0.5 mm/s is sufficient
to suspend the particles in the solution, but the fluid flow velocity
must be higher than this. Based on these calculations, it is inferred
that fluid flowvelocitymay have been from a fewmillimeters tomore
than 10 m/s. Such high fluid flow velocities are most likely episodic
and related to sharp hydraulic gradients caused by high fluid pressure
and suddent creation and opening of fractures, as discussed in the
previous section.
4.3. Mechanisms of sand intrusion into unconsolidated or
semi-consolidated sediments
The nature of limestone fragment-carrying sand bodies (Fig. 6)
intruding into unconsolidated or semi-consolidated sediments in
the Jinding deposit has not been well understood. Two scenarios
may be envisaged: 1) explosive intrusion of liquefied sands and
breccias due to sudden pressure release or fluid volume expansion;
and 2) relatively slow intrusion of semi-coherent sand bodies due
to their lower density or high pressure than surround sediments e
diapirism.
From the local relationships between the intrusive sand bodies
and surrounding sandstones (Fig. 6aed), it appears that the
intrusion may not have been explosive, but rather of diapiric
nature. However, at greater depths, where the limestone fragments
were first entrained in the sand bodies, the processes may have
been more violent.
Explosive breccias have been documented in many magmatic-
hydrothermal systems, and various mechanisms of brecciation havebeen proposed (Sillitoe, 1985), the more important being fluid
volume expansion related to decompression of fluids released from
magmatic intrusions or to heating of ground water by magmatic
intrusions. Because no magmatic intrusions have been found in the
Jinding deposit, these mechanisms may not be applied directly here.
However, based on the fact that magmatic intrusions of 68 to 23 Ma
are present in the LanpingeSimao Basin (Xue et al., 2003), it is not
unlikely that a magmatic intrusion is hidden beneath the Jinding
deposit, as also inferred from gravity and remote sensing data (Zhang
et al., 2000). Many ore-associated breccias have been interpreted to
be related to magmatic fluids and associated high fluid pressure
despite the absence of magmatic intrusions in the vicinity of miner-
alization (e.g., Bryant, 1968).On the other hand,magmatic intrusions
are not the only possible source of high pressure fluids. In theLanping
Basin, fluid overpressure may have been caused by a combination of
sediment compaction, thrust fault loading, and injection of mantle-
derived fluids (Chi et al., 2005, 2006, 2007). Regardless of these
uncertainties regarding the source(s) of fluid overpressure, the
development of breccia-bearing sand intrusions in the Jinding deposit
reveals an episodically overpressured fluid system, which is consis-
tent with the observation of hydraulic breccias and sand dikes, and
has significant implications for the mineralization environment.
4.4. Implications for mineralization environment
Two contrasting genetic models have been proposed for the
Jinding deposit, i.e., syngenetic or SEDEX-type (Wang et al.,
1992; Wang, 1998) and epigenetic type (Qin and Zhu, 1991; Li,
1998; Kyle and Li, 2002; Xue et al., 2007). The syngenetic
model is mainly based on the stratiform occurrence of minerali-
zation and some textures such as colloform textures interpreted to
be of syn-sedimentary origin, but it cannot satisfactorily explain
the occurrence of mineralization in both the Yunlong Formation
(E1y) and the Jingxing Formation (K1j ), across the thrust fault
(F2). Moreover, the colloform textures are not actually indicative
of syn-sedimentary origin, as they are common in epigenetic
mineral deposits such as the Mississippi Valley-type Zn-Pb
deposits. Therefore, we believe that the mineralization took place
after the deposition of the Yunlong Formation (E1y), specifically
after the thrusting of the allochthonous sequence over the Yunlong
Formation, and is of epigenetic nature.
The mineralization appears to have been controlled by the
Jinding dome, the Pijiang fault, and the sedimentary facies of the
Yunlong Formation (E1y) and Jingxing Formation (K1j ). These
controlling factors have been generally understood as promoting
permeability conditions for ore-forming fluid flow, and are of
passive nature. However, the various hydraulic fracturing and sand
injection structures documented in this paper and previous studies
(Gao et al., 2005; Chi et al., 2005, 2007; Wang et al., 2007)
indicate that the hydrothermal system of the Jinding deposit is
strongly overpressured, and fluid flow was not passively controlled
by permeabilities, but may have made significant contributions in
enhancing the channelways and in connecting the mineralization
sites with the source of the fluids.
Ore-forming fluid flow was likely of episodic nature because
the overpressure may not have been maintained over a long period
of time. Thrust faulting may have played an important role in the
development of fluid overpressure beneath the nappe (Chi et al.,
2006), as well as in providing a cap preventing the over-
pressured fluids from escaping directly to the surface. However,
the process of thrust faulting, which indicates horizontal short-
ening, likely stopped before mineralization, because as discussed
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suggest very small differential stress during mineralization.
Therefore, although thrust faulting may have contributed to the
initial build up of fluid overpressure, it was probably not
responsible for the episodic re-building of fluid overpressure
during mineralization. Based on Pb and noble gas isotope studies
as well as the presence of CO2-rich fluid inclusions, it has been
proposed that there was a significant contribution of metals and
fluids from the mantle in the formation of the Jinding deposit (Xue
et al., 2000, 2007; Chi et al., 2005). It is not known whether the
mantle-derived fluids were delivered to the site of mineralization
in Jinding through mantle degassing and channeling along the
LanpingeSimao Fault (the Pijiang fault in Jinding), or through
a hidden magmatic intrusion derived from the mantle. Neverthe-
less, the deeply derived fluids most likely have contributed to the
episodic development and release of fluid overpressure in Jinding,
because normal disequilibrium sediment compaction cannot
generate any significant fluid overpressure (Chi et al., 2006).
A sealing mechanism is required for fluid overpressure to build
up beneath Jinding. In the case of a magmatic intrusion, such
a mechanism may be provided by the intrusion itself, as magmatic
fluids within the intrusion was overpressured and became
decompressed once they were released from the intrusion. If no
magmatic intrusions were involved, overpressured fluids may have
been sealed below low-permeability sedimentary rocks, such as
those of the Upper Triassic Sanhedong (T3s), Waluba (T3w) and
Maichuqing (T3m) formations. The episodic release of over-
pressured fluids may have been triggered by earth quakes along
the Pijiang Fault. At the moment of fluid breakthrough, fluid flow
velocity may have been very high (up to more than 11 m/s as
discussed above), and various clastic injection structures were
formed. This may have been followed by a relatively quiet and
long period of time, when fluid flow slowed down and minerali-
zation took place. With the fluid channels being gradually
cemented, fluid pressure below the site of mineralization built up
again, and a new round of fluid breakthrough and mineralization
took place again.
Because the clastic injection and hydraulic fracturing struc-
tures are closely related to the sudden release of overpressured
fluid, they were readily connected with the sources of the fluids,
making them ideal channelways of ore-forming fluid flow and
sites of mineralization. Therefore, clastic injection structures and
breccias may be used as guides to locate ore deposits (Bryant,
1968). In fact, not only the clastic injection dikes and breccias
may be used as an exploration guide, but other structures asso-
ciated with them, for example the disintegration structures of sand
bodies, can also be useful. Specifically in the LanpingeSimao
Basin, well-preserved sedimentary structures, especially bedding
(Fig. 7f), is an indication that the strata have not been disturbed by
high-pressure fluid flow activities and so is unfavorable for
mineralization. Conversely, highly disturbed strata, accompanied
by various clastic injection and hydraulic fracturing structures,
may be used as a positive indication of favorable conditions for
mineralization.
5. Conclusions
1) New observations of clastic injection structures in solidified
rocks and unconsolidated and semi-consolidated sediments,
and hydraulic fractures and breccias in the Jinding deposit,
especially those from underground workings, further supportthe proposal that the deposit formed from a strongly over-
pressured fluid system.
2) Clastic injection and hydraulic fracturing structures are not
limited in the eastern segments of the deposit (near the Pijiang
fault). They are also well developed in the Fengzishan
segment in the western part of the deposit, indicating that
there may have been multiple channelways connected with
the overpressured fluid source.
3) The development of clastic injection structures and hydraulic
breccias is interpreted to have resulted from rapid release of
overpressured fluids. Fluid flow velocity may have been
locally up to more than 11 m/s. Such rapid fluid releasing
events are likely to be episodic, and may have been related to
either magmatic intrusions at depth or seismic activities
which episodically tapped an overpressured fluid reservoir
with supply of fluids from the mantle.
4) Because the clastic injection and hydraulic structures are the
results of sudden fluid release, which is in turn related to fluid
overpressure in the source, they are inherently connected with
the fluid source. Therefore, these structures can be used as
a guide for mineral exploration in the Lanping Basin.Acknowledgments
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